Aims Anaemia is a common comorbidity in chronic heart failure (CHF). The predictors of new onset anaemia (NOA) and its long-term prognostic value, particularly in patients treated with beta-blockers, are not known.
Introduction
Anaemia is a common comorbidity in chronic heart failure (CHF), and is associated with impaired functional capacity and cardiac function, renal dysfunction, increased rate of hospitalizations, and poor prognosis [1] [2] [3] [4] [5] [6] [7] [8] One study has proposed that the relationship between haemoglobin (Hb) levels and mortality is U-shaped. 4 Another study suggested that the mode of death in CHF differs between patients with low Hb (more circulatory failure) when compared with those having high Hb (more sudden death). 6 It is not known whether changes in Hb levels in general or below a certain threshold predict acute events in patients with CHF. Changes in Hb over time have been studied in one study, 3 but still little is known about the predictors of new onset anaemia (NOA) and its long-term prognostic value, particularly in patients treated with beta-blockers. The Carvedilol or Metoprolol European Trial (COMET) population provides a large, well-controlled, and contemporary population with repeated assessments of Hb levels, blinded adjudication of endpoints, and sufficiently long follow-up to address such issues. 9 & The European Society of Cardiology 2006. All rights reserved. For Permissions, please e-mail: journals.permissions@oxfordjournals.org
Methods

Study design and population
The design and primary results of the COMET trial have been published elsewhere. 9 Briefly, 3029 patients were randomized to treatment with carvedilol titrated to a dose of 25 mg twice daily (N ¼ 1511) or metoprolol tartrate titrated to a dose of 50 mg twice daily (N ¼ 1518). Eligibility for COMET was based on the presence of NYHA class II-IV, optimal background therapy with diuretics and an angiotensin-converting enzyme (ACE)-inhibitor, left ventricular (LV) ejection fraction (EF) (LVEF) ,35%, and a previous admission for a cardiovascular reason. Plasma Hb concentrations were measured at a central laboratory at randomization, four monthly intervals for the first year and annually thereafter. A sample was also collected at the end of the study. The study was approved by the centres institutional review boards and all participating subjects gave informed consent.
Statistical methods
Several analyses for Hb are presented. Rather than to present second order or above complex statistical models, it was decided a priori that a categorical approach would be presented as this is more understandable and clinically useful. According to the criteria of the World Health Organisation (WHO), anaemia or NOA was defined when Hb measured ,13 g/dL for men and ,12 g/dL for women. 10 We considered severe anaemia when Hb measured ,11.5 g/dL in men and Hb ,10.5 g/dL in women. In addition, it was of clinical interest to consider high levels of Hb, and hence we split patients into six non-equal groups based on their Hb values, with the lowest two groups combined being equivalent to the WHO definition of anaemia. In males, these were Group 1: ,11.5 g/dL; Group 2: 11.5-13.0 g/dL; Group 3: 13.0-14.0 g/dL; Group 4: 14.0-15.0 g/dL; Group 5: 15.0-16.5 g/dL; and Group 6: 16.5 g/dL. In females, Group 1: ,10.5 g/dL; Group 2: 10.5-12.0 g/dL; Group 3: 12.0-13.0 g/dL; Group 4: 13.0-14.0 g/dL; Group 5: 14.0-15.5 g/dL; and Group 6: 15.5 g/dL. For analysis purposes, we considered patients in Group 1 to have severe anaemia and patients in Group 2 to have moderate anaemia. The choice of cut-points does not affect the conclusions and sensitivity analyses are given below.
Differences between these six groups were assessed using ANOVA for continuous data, x 2 for categorical data, and Cox regression analysis for survival data. To assess the multivariable significance of anaemia on outcome, we generated a multivariable model based on 14 clinically important baseline characteristics together with randomized therapy. These variables were age, gender, NYHA classification, systolic blood pressure (BP), body mass index (BMI), duration of HF, LVEF, diabetes, ischaemic aetiology, serum creatinine, serum sodium, concomitant use of aspirin, anticoagulants, and lipid-lowering drugs. NT-proBNP was not included as this was only available in approximately half the patients. However, sensitivity analyses including NT-proBNP were performed.
We used Bootstrap methods to determine which baseline factors affected NOA in patients who were not anaemic at baseline. We produced 200 Bootstrap samples (with replacement) from our database and ran backward stepwise Cox regression analyses on each. We calculated how many times each variable appeared in the final model. The entry/exit threshold probability for this analysis was 0.05. The most frequently occurring variables were included in our model for NOA. We then used 200 further Bootstrap samples to assess the magnitude of the parameter estimates for our model.
To assess the impact of changes in Hb levels on outcome, we undertook a time-dependent Cox regression analysis, adjusted for the standard set of baseline covariates, in which Hb was included as a time-dependent covariate. When assessing the impact of changes in Hb observed, a distinction between reductions in Hb level and increases was made. Patient adherence to the visit schedule was excellent, and missing data was low (406 Hb readings missing/14 890 samples collected at appropriate timepoints ¼ 2.7%). No interpolation or extrapolation for missing values were performed and patients were included in this analysis as far as data allowed. For the Cox regression analyses, Martingale residual plots were used to assess the functional form of the continuous covariates and Schoenfeld residuals plotted to assess the proportional hazards assumptions.
Comparisons between the six groups were made at the 5% significance level. As the interest focused on both low and high Hb, there are multiple comparisons of interest, hence, only assessments with a significance level of 0.01 or below are highlighted.
Results
The baseline mean Hb was 14.2 + 1.5 g/dL and available in 2996 patients (98.9%). The baseline characteristics of the patients according to the six Hb groups are presented in Table 1 . At baseline, 15.9% of patients had anaemia according to WHO criteria (males 16.0%; females 15.2%)-3.3% of patients had severe anaemia (Group 1: males 3.6%; females 2.0%) and 12.6% had moderate anaemia (Group 2: males 12.4%; females 13.2%).
Over a median follow-up of 58 months [inter-quartile range (IQR), 54-64 months], 1093 of the 2996 patients died. Kaplan-Meier estimates of the time to all-cause death for each of the six Hb strata are given in Figure 1 . The relative risk of death in each of the six groups with reference to Group 4 and adjusted for other baseline factors is presented in Table 2 . When NT-proBNP was included in the multivariable model for both severe (RR ¼ 1.60, 95% CI, 1.05-2.45, P ¼ 0.0286) and moderate anaemia (RR ¼ 1.30, 95% CI, 1.01-1.69, P ¼ 0.0464) results remained similar. There was no significant interaction between Hb strata and randomized therapy in the model (P ¼ 0.6551, Figure 2 ).
We performed several sensitivity analyses. First, we used quartiles of Hb, and in these analyses the lowest quartile is Hb 13.5 g/dL for males and 12.5 g/dL for females. The adjusted relative risk of death for this group is 1.21 (95% CI: 1.02, 1.43, P ¼ 0.0333) when compared with all other patients. Second, we fitted Hb as a continuous covariate. The parameter estimates for a quadratic model are Hb 0.41 (95% CI: 0.27-0.63) and Hb 1.026 (95% CI: 1.01-1.04), which highlights the increased mortality in those with the lowest Hb. All-cause mortality (RR ¼ 1.47, 95% CI, 1.27-1.71, P , 0.0001) death or hospitalization (RR ¼ 1.28, 95% CI, 1.14-1.44, P , 0.0001), heart failure hospitalization (RR ¼ 1.43, 95% CI, 1.23-1.68, P , 0.0001) were higher in anaemic patients as defined by the WHO (Group 1 þ 2) when compared with non-anaemic patients.
The cause of death by anaemia status at baseline (WHO criterion) is presented in Table 3 . There are significant differences between patients with and without anaemia for the breakdown of the causes of death (P ¼ 0.0158), with less sudden death (37.2 vs. 45.5%) and more circulatory failure (41.4 vs. 30.1%) in those anaemic at baseline. When subgrouping the patients by Hb there was no evidence to suggest that Hb levels affected mode of death (P . 0.1, data provided in online supplement).
Relationship between baseline Hb and hospitalization
Compared with Hb Group 4 when adjusted for the standard set of baseline factors, patients with severe anaemia (Group 1) had increased risk of all-cause hospitalization (RR ¼ 1.72, 95% CI, 1.34-2.21, P , 0.0001), death or hospitalization (RR ¼ 1.76, 95% CI, 1.39-2.23, P , 0.0001), hospitalization for worsening HF (RR ¼ 1.70, 95% CI, 1.22-2.36, P ¼ 0.0018), and death or hospitalization for worsening HF (RR ¼ 1.71, 95% CI, 1.31-2.25, P ¼ 0.0001). For patients with moderate anaemia (Group 2) the corresponding relative risks were 1.22 (95% CI, 1.05-1.42, P ¼ 0.0096), 1.19 (95% CI, 1.03-1.38, P ¼ 0.0188), 1.47 (95% CI, 1.21-1.80, P ¼ 0.0001), and 1.39 (95% CI, 1.18-1.63, P ¼ 0.0001).
The differences observed for mortality between the Hb groups, leading to shorter average follow-up for those with anaemia, would have impacted on the mean lengths of hospitalization during the study. Even so, the median lengths of hospitalization during the study of patients with severe and moderate anaemia were 24 (IQR, 10-60) and 23 + (9-60) days, respectively, approximately 10 days longer than those with higher Hb (P , 0.0001). They also had the longest median length of stay in hospital for worsening heart failure at 5 (IQR, 0-21) and 4 (0-20) days, respectively (P ¼ 0.0027).
Changes in Hb over time
In patients without anaemia at baseline, at the end of the study, the cumulative frequency of NOA was 28.1% in males and 27.0% in females. NOA increased significantly over time from 14.2% at year 1 to 27.5% at year 5. The factors affecting NOA are provided in Table 4 . Variables which appeared in at least 70% of the Bootstrap samples are included in the final model. Treatment with carvedilol was associated with a 22% increased risk to develop NOA (RR ¼ 1.22, 95% CI, 1.05-1.41, P ¼ 0.0102). The mean profile for Hb over time by carvedilol and metoprolol is presented in Figure 3A . Carvedilol was associated with a significantly lower mean Hb throughout the follow-up period. At year 1, for instance, the reduction in Hb plasma concentration was 20.2 g/dL (95% CI, 0.36-0.1 g/dL, P ¼ 0.0003). Figure 3B presents the proportion of patients experiencing NOA over time. Carvedilol was associated with an increased incidence of anaemia (P ¼ 0.0180) but not of severe anaemia (P ¼ 0.18).
Changes in Hb and outcome
A total of 2678 patients (89.4%) had follow-up Hb measures available for analyses. Figure 4 shows the impact of Hb on mortality when adjusted for the standard set of baseline covariates in a time-dependent multivariable Cox regression analysis. The risks associated with moderate and severe anaemia at baseline are increased further when the repeated Hb assessments are included. In a time-dependent Change in Hb over the study was split into eight non-equal groups as follows: ,23; 23 to 22; 22 to 21; 21 to 0; 0 to 1; 1 to 2; 2 to 3; and .3 g/dL. Table 5 presents the relative risk of death for each of these groups relative to those patients with a small increase in Hb over the study (0 to 1 g/dL). Patients with a large decrease in Hb (23 g/dL) had an increased risk of death of 3.37 (95% CI, 2.46-4.61, P , 0.0001), compared with the reference group. There were 196 (7.3%) patients who had a decrease of this magnitude at one or more timepoints. Increases in Hb did not affect prognosis.
Discussion
In this post hoc analysis of data from COMET, we confirm that anaemia is common in patients with CHF and of independent prognostic value. Significantly and independently, anaemia predicts an increased risk of all-cause mortality, all-cause mortality or hospitalizations, hospitalizations for heart failure, higher hospital readmission rates for heart failure, and longer hospital stays for any reason. NOA was common during follow-up occurring in 14% of previously non-anaemic patients at 1 year and in 27.5% of patients at 5 years, similarly in men and women, and it developed more frequently in patients treated with carvedilol than with metoprolol tartrate. NOA was associated with increased subsequent risk, particularly in patients with decreases of Hb .3 g/dL. 
Anaemia and outcome
Our findings confirm and expand previous reports 2-8 on the link between anaemia and poor outcome in the context of long follow-up (5 years) and presence of beta-blocker therapy in all patients. Our study confirms that anaemia remains common and does not resolve, indicating that modern therapy has limitations in this subset of patients. In previous studies including patients only partially treated with beta-blockers, it was suggested that high Hb levels were associated with increased morbidity and mortality. 6 We did not find a U-shape relationship in COMET and do not confirm this finding in patients treated with beta-blockers.
In most cases, the origin of anaemia in CHF is uncertain and anaemia of chronic illness is diagnosed.
2 Several mechanisms for the development of anaemia in CHF have been proposed and include impaired erythropoïetin production, erythropoïetin resistance, iron and haematinic deficiencies, inflammation and cytokine activation, and haemodilution. 11 We observed that patients in the lower Hb strata were more often taking aspirin ( Table 1) , which might suggest that concealed bleeding played a role in our population. However, concomitant use of aspirin did not enter the model for prediction of NOA ( Table 4) . Anticoagulation therapy was used less frequently in patients with Hb ,12.5 g/dL, and may illustrate the hesitation to use such therapy in anaemic patients or simply mean that anaemic patients were sicker.
NOA outcome and mechanisms
NOA was common during the 5-year follow-up period. There is no clear explanation for the change in Hb over time in CHF. Possibilities include again haematinic deficiency, fluid overload and haemodilution, change in inflammatory status, change in medications that may contribute to Hb concentration such as anticoagulants, aspirin, or ACE-inhibitors. Our multivariable model for NOA (Table 4) highlights the following baseline risk factors: increasing age, use of large doses of furosemide, aldosterone antagonists and carvedilol, kidney dysfunction, and high potassium levels (all adverse) as well as high serum sodium levels (protective). We note other factors predicting NOA have been identified in the Val-HEFT trial. 3 We observed that small changes in Hb did not affect mortality, whereas patients experiencing a large decrease in Hb at any time during follow-up (in time-dependent analyses) had a three-fold increase in mortality. In a short-term substudy of the RENAISSANCE trial investigating the effect of etanercept in patients with CHF, it was suggested that a decrease in Hb over time was associated with an increased LV mass and higher mortality. 7 In a report based on data from the Val-HeFT study, 3 decreases in Hb over 1 year had adverse prognostic value. In Val-HeFT, increases in Hb over 12 months were found to predict improved subsequent prognosis-which we could not find in our study. Recently, using the SOLVD prevention and treatment arms database, it was reported that enalapril increased the odds of developing new anaemia at 1 year by 56% (adjusted model) in both symptomatic and asymptomatic patients with LV dysfunction without anaemia at baseline. 12 However, only a minority of these patients received beta-blocker therapy. The mechanism by which ACE-inhibitors cause anaemia remains unclear but may involve a decrease of circulating angiotensin II which in turn inhibits erythroïd precursors. 13 In our study, we cannot confirm the adverse impact of ACE-inhibitors on NOA. By design, all patients had to be treated with an ACE-inhibitor and/or an angiotensin receptor antagonist, and hence COMET may have lacked power to analyse this issue.
Carvedilol and anaemia development
Interestingly, we found that carvedilol induced a small but significant decrease in Hb when compared with metoprolol, and was a strong predictor of NOA. Similar results are also seen in COPERNICUS and CHRISTMAS when carvedilol is compared with placebo (unpublished data). It has long been known that erythropoietin-secreting cells within the renal parenchyma receive extensive sympathetic innervation, and that erythroïd progenitor cells display b-1, b-2, and a-adrenergic surface receptors.
14 Experimental augmentation of sympathetic activity in animals and humans increases erythropoïesis via an independent enhancement of both erythropoïetin production and erythroïd progenitor cell proliferation. Moreover, specific blockade of b-2 adrenergic receptors, but not b-1 or a-adrenergic receptors, completely abolished both the sympathetically mediated rise in erythropoïetin production and erythroïd progenitor cell proliferation. [15] [16] [17] [18] As carvedilol blocks b-1, b-2, and a-adrenergic receptors, whereas metoprolol is a b-1 selective blocker, this might explain the differences observed between the two arms of the COMET trial with respect to changes in Hb concentrations over time.
This effect was not associated with poor outcome. Rather, we observed a 17% reduction in mortality in patients treated with carvedilol when compared with those treated with metoprolol, and there was no statistically significant interaction between Hb strata and treatment effect, suggesting that the potentially harmful effect of a reduction in Hb concentration with carvedilol was completely offset by other beneficial effects of carvedilol on survival. In conclusion, this study showed that, in COMET, anaemia at baseline was common, associated with a specific clinical profile, increased morbidity and mortality in a large population of patients with mild to moderate heart failure treated with ACE-inhibitors and betablockers. The annual incidence of NOA was high over a period of 5 years, and associated with a high risk of death or rehospitalization. Predictors of NOA included age, worsening renal function, and treatment with carvedilol. The latter effect did not offset the benefit observed on mortality with carvedilol.
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